The biochemical features that distinguish human M cells from other intestinal epithelial cell types are important for understanding microbial pathogenesis and for targeting vaccines to the mucosal immune system. We applied a large panel of carbohydrate-specific monoclonal antibodies and lectins to Peyer's patch and cecum biopsy specimens from three normal individuals and a patient with inflammatory bowel disease. The results show that human M-cell glycosylation patterns are distinct from those of other species examined and that human M cells preferentially display the sialyl Lewis A antigen. This carbohydrate epitope is also present in a small subpopulation of enterocytes in the follicle-associated epithelium and in goblet cell mucins.
The mucosal surface of the gastrointestinal tract is lined by a single layer of epithelial cells that serves as a delicate barrier to foreign antigens and microbial pathogens in the intestinal lumen. An important component in protection of this vulnerable surface is the mucosal immune system, an assembly of cells in the lamina propria which responds to luminal antigens by producing secretory antibodies and other local immune effectors (37) . Sampling of luminal antigens occurs at specialized local inductive sites, the organized mucosa-associated lymphoid tissues, that appear as single or aggregated mucosal lymphoid follicles in the small intestine, cecum, appendix, colon, and rectum. Transport of antigens and microorganisms across the epithelial barrier at these sites is accomplished by a specialized follicle-associated epithelium (FAE). The FAE contains M cells, a unique, relatively rare epithelial cell type specialized for transepithelial transport of macromolecules, particles, and microorganisms (43) . Because of their importance in microbial pathogenesis and their potential in targeting of vaccines to the mucosal immune system, there is great current interest in elucidating the functional and biochemical features that distinguish M cells from other intestinal epithelial cell types.
M cells in many species, including humans (15, 23, 44, 48) , can be identified by morphological features such as their flattened apical surfaces and intraepithelial pockets containing lymphoid cells. Immunocytochemical studies of experimental animals have revealed other distinguishing M-cell features, including reduced surface expression of brush border hydrolases (47, 55) ; expression of the intermediate filament proteins vimentin, cytokeratin 8, and cytokeratin 18 in rabbit, rat, and pig M cells, respectively (16, 18, 25, 51) ; diffuse cytoplasmic distribution of the actin-bundling protein villin (30) ; and apical expression of ␤1 integrin, a protein that is basolateral on other epithelial cells (9, 36) . With the possible exception of ␤1 integrin, however, none of these components can serve to explain the selective binding of certain pathogens to M-cell surfaces or can be exploited to target antigens to these cells.
Although M cells generally lack the uniform thick glycocalyx seen on enterocytes, their apical membranes do display abundant glycoconjugates (3, 14, 41) that may serve as binding sites for microorganisms. Recent lectin-binding studies have established that M cells in experimental animals have glycosylation patterns that differ from those of their epithelial neighbors. For example, in Peyer's patches of BALB/c mice, lectins that recognize a range of carbohydrate structures containing ␣(1-2)-fucose selectively stained M cells in the FAE (6, 11, 19) . We observed such lectin binding sites not only on M-cell apical membranes but also on intracellular vesicles and basolateral membranes, including the pocket domain (19) . These fucosecontaining carbohydrate structures have not proven to be universal M-cell markers, however. Glycoconjugates expressed on M cells in other intestinal regions (cecum, colon, and rectum) of BALB/c mice (7, 19) and in other species such as rabbit (17, 26) were found to differ from those in BALB/c mouse Peyer's patches. Despite these species and regional differences, the animal data suggest that M-cell-specific glycoconjugates might also exist in humans.
Panels of lectins and monoclonal antibodies have been extensively used to survey epithelial and mucin glycoconjugate expression patterns in human biopsy specimens. Such studies have demonstrated clear differences between glycoconjugates of humans and other species (34, 38, 64) , between normal and neoplastic human mucosae (4, 35, 52) , and between normal mucosa and mucosa affected by inflammatory bowel disease (IBD) (24, 50, 53, 65) . A few studies have applied lectins to normal human mucosa containing organized lymphoid tissues but have failed to identify a marker for human M cells in Peyer's patches (27, 56) or appendix (2) . These studies were limited by the fact that many lectins are capable of recognizing multiple related carbohydrate structures. In the present study, we applied a panel of monoclonal antibodies specific for single carbohydrate epitopes, as well as a large panel of lectins, to intestinal biopsy specimens from both normal individuals and one patient with IBD. We report here that human M cells can indeed display glycosylation patterns that distinguish them from other intestinal epithelial cell types.
Histochemistry of human intestinal tissue. Biopsy specimens were obtained from the Endoscopy Suite at Children's Hospital, Boston, Mass., as part of endoscopic examinations. Ileal, cecal, and rectal biopsies were typically taken from each individual. Peyer's patch samples from normal individuals of blood group type O (age of individual, 16 years) and type A (age, 13 years) as well as an individual diagnosed with ulcerative colitis (UC) of blood group O (age, 10 years) were analyzed. Cecal tissue from a type O normal individual (age, 6 years) was also examined. The research protocol was followed with prior approval by the Children's Hospital Committee on Clinical Investigation and informed consent from patient guardians. Pinch biopsies were immediately placed in 3% paraformaldehyde-0.1% glutaraldehyde in 0.1 M cacodylate (pH 7.2) and fixed for 3 h at 4°C. Samples were processed, embedded in Epon-Araldite, and sectioned at a 0.5-m thickness as described previously (19) .
For brevity, the complex oligosaccharide specificities of 28 of the lectins that were previously listed and referenced (19) are not given here. We have included in Table 1 the complete specificities of the lectins not listed in reference 19 grouped by major inhibiting sugar. Table 2 lists all probes tested in this study. Biotinylated lectins were purchased from Vector Labs (Burlingame, Calif.), except AAA and LFA (E-Y Labs, San Mateo, Calif.), HPA (Helix pomatia) and GS I-A 4 (Griffonia simplicifolia type I isolectin-A 4 ) (Sigma Chemical Co., St. Louis, Mo.), and OPA (Boehringer Mannheim, Indianapolis, Ind.). Mouse monoclonal immunoglobulin M (IgM) antibodies specific for blood group antigens A, B, and H-2 were purchased from DAKO Corp. (Carpinteria, Calif.). Mouse monoclonal antibodies specific for blood group antigen H-1, Lewis B, Lewis X, and Lewis Y were purchased from Signet Labs (Dedham, Mass.). Mouse monoclonal antibodies specific for sialyl Lewis A and sialyl Lewis X were purchased from Kamiya Biomedical (Thousand Oaks, Calif.). Mouse monoclonal antibody specific for Lewis A was acquired from Immucor (Norcross, Ga.). Tetramethylrhodamine isothiocyanate (TRITC)-labeled goat anti-mouse IgM was obtained from Kirkegaard and Perry Labs (Gaithersburg, Md.). TRITC-labeled goat anti-mouse IgG was purchased from Hyclone Labs (Logan, Utah). TRITC-labeled streptavidin was obtained from Molecular Probes (Eugene, Oreg.). None of the TRITC-conjugated antimouse Ig or streptavidin preparations bound to sections of human intestine when they were applied without their cognate primary reagent (data not shown).
Lectin and antibody histochemistry was performed on 0.5-m-thick sections after extraction of the epoxy with melting solution as described previously (19) . Briefly, lectin-biotin conjugates were prepared in gelatin-phosphate-buffered saline (PBS) at a concentration of 10 g/ml, except for LFA lectin, which was used at 50 g/ml. All antibodies were used at a concentration of 2 to 5 g/ml in gelatin-PBS. Extracted tissue sections were overlaid with lectin or antibody solutions, incubated for 60 min at room temperature, and washed three times for 5 min each in gelatin-PBS. Bound lectins or antibodies were labeled with one of the following secondary reagents: (i) TRITC-labeled streptavidin, (ii) TRITC-labeled goat antimouse IgM antibodies, or (iii) TRITC-labeled goat anti-mouse IgG, all diluted to 2 g/ml in gelatin-PBS. Slides were briefly rinsed with PBS and distilled H 2 O, and coverslips were mounted. Photography was performed with a Zeiss Axiophot microscope equipped for epifluorescence and with Kodak TMax 400 film.
Glycoconjugates on normal human Peyer's patch M cells. The binding and cellular localizations of 31 lectins and 10 anticarbohydrate monoclonal antibodies were analyzed. In Peyer's patches of the two normal and the UC individual, cells displaying the morphological features of M cells represented only a small percentage (Ͻ5%) of FAE cells, consistent with the frequency reported by others (10, 33) . M-cell morphology in Peyer's patches varied depending on the position of the M cells in the dome epithelia. M cells emerging from crypts and on the lateral portion of a dome were intact and contained several leukocytes within small intraepithelial pockets. M cells positioned closer to the dome apexes contained larger pockets with many immune cells and often displayed ruptured apical membranes, with cells extruding into the lumens. We did not observe M cells at or near the apexes of the domes, confirming previous observations (10) and suggesting that M-cell exfoliation occurs prior to this point.
Lectin and antibody binding revealed a more limited range of carbohydrate epitopes on M cells than on enterocytes in the FAE or on villi ( Table 2 ). Many of the probes bound to enterocyte membranes, and binding sites were abundant in the highly glycosylated apical brush borders as expected. By contrast, fewer probes labeled M cells. For example, UEA-I lectin recognizes several carbohydrate structures containing ␣(1-2) fucose and is a marker for BALB/c mouse Peyer's patch M cells (6, 19) . This lectin did not bind to M cells in our human specimens but strongly bound to all enterocytes ( Fig. 1A and B). While many probes showed similar reactivities with epithelial cells from the two normal individuals of distinct blood groups (A versus O), others showed clear differences. For example, enterocyte binding by RCA I (Ricinus communis type None of the 31 lectins tested selectively labeled M cells (Table 2) , confirming previous observations. However, a monoclonal antibody (anti-sialyl Lewis A) selectively recognized a subpopulation (ϳ80%) of M cells in the FAE, staining apical and subcellular membranes of the cells (Fig. 1C to F) . It also bound weakly to infrequent (Ͻ20%) FAE enterocytes of both individuals. Limited recognition of certain FAE enterocytes by M-cell-specific probes has also been observed in animal studies and may reflect the relative plasticity of the epithelial cell phenotypes in this epithelium (31, 40) . Villus enterocytes were not stained by this antibody, although goblet cell mucins were strongly stained. Interestingly, the related Lewis A antigen was not M cell specific; it was abundantly expressed on apical and basolateral membranes of both M cells and enterocytes (Fig. 2) .
Gene expression in the entire FAE is known to be distinct (46), and reduced expression of cell surface hydrolases (47, 60) . Although the levels of expression of some lectin and antibody binding sites on FAE enterocytes were similar to those on villus enterocytes in the human small intestine, differences were observed. For example, SNA (Sambucus nigra) binding sites were present on the apical surfaces of a majority of FAE enterocytes but were largely absent from villus enterocytes, confirming results of previous reports (27, 56) . In the Peyer's patch specimen from the blood type A individual, villus enterocytes showed a very high density of terminal GalNAccontaining epitopes, as evidenced by intense staining with lectins that recognize carbohydrate structures containing terminal GalNAc: WFA (Wisteria floribunda) and GS I-A 4 . This is consistent with ␣GalNAc being part of the blood group A determinant. In this specimen, however, the same lectins stained FAE enterocytes more weakly. Since ␣(1-3)-N-acetylgalactosyltransferase is required to synthesize this determinant on epithelial cells, endothelial cells, and erythrocytes (45) , the expression of this enzyme is probably lower in the FAE than in the villus epithelium. Glycoconjugate expression by normal cecal M cells. It is known that intestinal epithelial glycosylation patterns are distinct in different regions of the digestive tracts of animal and humans. For example, the transition from the small to the large intestine is accompanied by substantial changes in the profiles and abundance of glycoconjugates (reviewed in reference 61). Similarly, M cells exhibit glycosylation patterns specific to the small or large intestine in mice (7, 19) and rabbits (17, 26) . Thus, we examined the glycosylation profile of epithelial cells in a cecal biopsy containing mucosal lymphoid tissue from a type O normal individual. The abundance of M cells as determined morphologically was higher in cecum than in Peyer's patch; in some areas identifiable M cells represented Ͼ50% of FAE cells. Cecal M cells were largely intact, with large intraepithelial pockets containing multiple leukocytes (Fig. 3A) . Lectin-and antibody-binding assays revealed that cecal M cells displayed more abundant glycoconjugates with greater epitope diversity than M cells in the normal Peyer's patch tissues examined (Table 2 ). Most probes bound to both M cells and enterocytes, consistent with results obtained with human appendix (2). The intensity of labeling was often more varied on M-cell apical membranes than on enterocytes, however, perhaps reflecting variations in the thickness of the M-cell glycocalyx. In the cecum, as in Peyer's patch, only the anti-sialyl Lewis A monoclonal antibody was selective for M cells (Fig. 3B  and C) ; however, only ϳ5% of M cells were labeled and binding was restricted to apical membranes.
Diversity among M cells has also been observed in mice, where lectin and antibody probes revealed variations in glycosylation patterns of individual M cells within a single FAE. We proposed that this diversity might expand the possible microbial lectin-M-cell surface carbohydrate interactions of the local M-cell population and allow the M cells to "sample" a wider variety of microorganisms (19, 42) . It is possible that the human M cells not recognized by the anti-sialyl Lewis A monoclonal antibody in this study display distinct carbohydrate epitopes that might be detected with other antibody probes.
Glycoconjugate expression by Peyer's patch M cells in an IBD patient. Others have reported changes in intestinal epithelial cell glycosylation in IBD specimens (2, 24, 50, 53, 65) . We therefore surveyed lectin and antibody binding on tissue biopsies from a patient diagnosed with UC, analyzing in detail a Peyer's patch specimen from an area unaffected by the disease. The numbers of M cells in the FAE were comparable to those in normal tissue, unlike the findings for specimens from adults with spondylarthropathy reported previously (10) . We observed that Peyer's patch M cells from this colitis patient displayed more diverse and abundant oligosaccharide epitopes than those from the two normal individuals tested, irrespective of blood group (Table 2 ). In particular, many lectin probes recognizing terminal fucose-or galactose-containing glycoconjugates showed binding to M cells in this specimen but not in the normal samples tested. Nevertheless, we again observed that expression of sialyl Lewis A antigen was largely restricted to M cells (Fig. 4) . In summary, the sialyl Lewis A antigen is selectively expressed by M cells in both small and large intestines of normal individuals of distinct blood groups and in small intestine of a patient with IBD.
M-cell glycosylation in microbial pathogenesis and mucosal immunity. The expression of distinct glycoconjugates by M cells in various tissues and species suggests an important role for carbohydrate epitopes in the function of this unique cell type. The structural modifications of the M-cell apical surface and the display of particular oligosaccharides together would allow M cells to present a conspicuously unique biochemical face to the lumen which might facilitate adherence, uptake, and immunological sampling of microorganisms. The transepithelial transport of microbes from the external environment as part of routine mucosal immune surveillance renders the host vulnerable to invasive pathogens, however, and the tropism that many pathogens demonstrate for M cells (42, 59 ) supports this concept.
Our results also raise the possibility that M cell-specific glycoconjugates can be exploited to enhance delivery of mucosal vaccines in humans. M-cell-specific glycoconjugates have been shown to be capable of mediating delivery to organized mucosal lymphoid tissues in mice and hamsters. Incubation of M-cell-selective lectins in mouse ligated intestinal loops containing Peyer's patches (8, 19) or feeding of lectin intragastically (unpublished results) resulted in M-cell adherence and transcytosis into Peyer's patch lymphoid follicles, and an Mcell-selective lectin given intranasally to hamsters targeted M cells overlying nasal lymphoid tissue (20) . M-cell-selective lectins have also been used to target particles such as polymerized liposomes (5) and latex beads (13) to mouse small-intestinal M cells.
The results from the two normal individuals studied here indicate that human Peyer's patch M cells display a more restricted array of carbohydrate epitopes than do enterocytes, suggesting that under normal conditions, expression of certain glycosyltransferases is reduced in M cells. In contrast, a previous lectin-binding survey of human Peyer's patch tissue (56) found that more lectins recognized M-cell glycoconjugates than did lectins in the present study. Whether this discrepancy reflects normal variation in the human population cannot be resolved with the limited specimens available to us. It should be noted that the specimens examined in the previous study were taken from colon carcinoma patients and that epithelial glycosylation patterns in the gut are known to be altered in colon cancer (4, 35, 52) . Analysis of a larger number of normal tissue specimens will be required to define the diversity of glycoconjugate expression in human M cells.
Consistent findings in this study were that the sialyl Lewis A antigen was largely restricted to M cells but that the Lewis A antigen was ubiquitous on epithelial cell surfaces. The monosialyl Lewis A antigen, defined as Neu5Ac␣(2-3)Gal␤(1-3)GlcNAc[Fuc␣ (1-4) ], differs from the Lewis A antigen only by the presence of a single ␣(2-3)-linked sialic acid residue. The sialyl Lewis A antigen has been identified as a ligand for selectins expressed by lymphocytes and endothelial cells (reviewed in reference 63). Lymphocytes selectively enter the M-cell intraepithelial pocket to interact closely with the basolateral M-cell membrane, and we have observed that luminal lymphocytes can interact with M-cell apical surfaces in experimental animals (66) . It is tempting to propose a role for sialyl Lewis A in the observed interactions of lymphocytes with M cells. Indeed, B and T lymphocytes within M-cell pockets were shown to express L-selectin in human biopsies (12) , supporting this hypothesis. Further studies will be needed to comprehensively define the oligosaccharide repertoire on human M cells and to elucidate their role in the biology of this unique epithelial cell type.
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